Introduction
Simultaneous use of heterotrophic and photoautotrophic metabolisms, called mixotrophy in microalgae, has received much attention because the mixotrophy offers a practical benefit of the utilization of organic and inorganic compounds together [1] . It captures CO 2 (the main source of global warming and climate change) with the light, and respires organics of severe environmental pollutions as feed at the dark period [2] .
Appropriate process control over mixotrophic microalgae cultivation has shown efficient photoautotrophy and heterotrophy simultaneously while treating wastewater [3] . This demonstration of simultaneous inorganics (CO 2 , N, P, and other nutrients) and organics removals from a water body is highly beneficiary because the process is an economical way of converting contaminants into renewable bioresources [4, 5] . Under the mixotrophic condition, microalgae can assimilate their building blocks via concurrent respiratory and photosynthetic processes [6, 7] . Previous studies showed that the removal efficiency of chemical oxygen demand (COD) can be over 1 g/l [8, 9] . Others also demonstrated that the growth rate and lipid productivity were even higher under mixotrophic conditions [10] .
A critical factor to autotrophic growth of microalgae is related to light supply [11] . High light irradiance (LI) can cause photodamage, reducing photosynthetic efficiency [12] ; however, heterotrophic growth is free from this damage Mixotrophic microalgal growth gives a great premise for wastewater treatment based on photoautotrophic nutrient utilization and heterotrophic organic removal while producing renewable biomass. There remains a need for a control strategy to enrich them in a photobioreactor. This study performed a series of batch experiments using a mixotroph, Chlorella sorokiniana, to characterize optimal guidelines of mixotrophic growth based on a statistical design of the experiment. Using a central composite design, this study evaluated how temperature and light irradiance are associated with CO 2 capture and organic carbon respiration through biomass production and ammonia removal kinetics. By conducting regressions on the experimental data, response surfaces were created to suggest proper ranges of temperature and light irradiance that mixotrophs can beneficially use as two types of energy sources. The results identified that efficient mixotrophic metabolism of Chlorella sorokiniana for organics and inorganics occurs at the temperature of 30-40°C and diurnal light condition of 150-200 µmol E·m . The optimal specific growth rate and ammonia removal rate were recorded as 0.51/d and 0.56/h on average, respectively, and the confirmation test verified that the organic removal rate was 105 mg COD·l . These results support the development of a viable option for sustainable treatment and effluent quality management of problematic livestock wastewater.
Keywords: Chlorella sorokiniana, livestock wastewater, response surface methodology, specific growth rate, light irradiance even though it demands organics. The simultaneous drive of phototrophic and heterotrophic metabolisms, utilizing both inorganic (CO
2
) and organic carbon substrates [13] , may overcome problems related with the sole growth of photoautotrophic microalgae.
Among various photoautotrophic microalgal species, it has been known that some of Chlorella, Chlamydomonas, and Nannochloropsis species could grow under mixotrophic condition while accumulating large amounts of lipid [14] . Because mixotrophs can grow even in a light-limiting environment, overall cell density and productivity can be even higher than other absolute photoautotrophs [15] . These unique characteristics may help in advancing product recovery and waste removal [16] ; however, experimental operating conditions are far from optimal, which is partly because of the challenges associated with metabolic complexity. Thus, deriving optimal conditions for mixotrophic metabolism seems essential for useful application for scientific engineering.
This study, therefore, conducts a series of batch experiment using one famous mixotroph, Chlorella sorokiniana, to determine the optimum growth conditions using a statistical approach. To investigate the quantitative effects of LI and temperature on mixotrophy, this study evaluated the optimal kinetics of biomass growth and nutrient removal.
Materials and Methods

Inoculum and Culture Media
All the experiments used Chlorella sorokiniana as a sole inoculum, which was obtained from the Korean Collection for Type Cultures (KCTC). The inoculum (20 ml of 2,240 mg DW/l) was taken from a dense mother culture (150 µmol E·m ), which was grown with a modified BG-11 medium [17] . Ingredients in the medium were EDTA 0.1 g/l, C 0.04 g/l, and NaNO 3 0.5 g/l. As a substrate solution, a secondary effluent of a pilot-scale livestock wastewater treatment system was used. Characteristics of the substrate are tabulated in Table 1 .
Operating Conditions of Experiments
All batch experiments were conducted using 600 ml rectangular cell-culture flasks with orange vent caps (Corning, USA). The substrate was injected up to 380 ml of the reactor, and then 20 ml of inoculum was added; thus, the total working volume was set to 400 ml.
Using a shaking incubator (ThermoStable IS-10RL; DAIHAN Scientific, Korea), the temperature range was controlled between as photosynthetically active radiation by using a manually manufactured LED device. To promote mixotrophic growth, a day-night cycle with 12 h of day and night periods was maintained by using an electrical timer, which imitates the equinox condition.
Experimental Designs
Adapting design of experiments strategy, Fig. 1 presents the experimental design of the central composite design (CCD) to conduct a response surface methodology and corresponding statistical analyses [18] for the values of specific growth rate (µ) and ammonia removal rate (k
). By setting temperature and LI as two independent variables for dependent variables of µ and k, nine experimental conditions were established following the CCD design. All experimental conditions were tested in duplicate with the quintet experiments of the center run, which creates 21 runs in total. The center runs of CCD ensure reasonably stable variance of the predicted responses, which indicates that the standard deviation at the center is similar to that of each experimental point.
Regression Analysis
Regression analysis was conducted using a statistical computer software for the obtained data, to determine µ and k r , N H 3 based on exponential growth and decay equations [19] . The number of generation, n, generation time, g (h
), were computed based on cultivation time, t (h) [20] . Functional equations for biomass growth and ammonia removal were obtained by solving first-order ordinary differential equations. The values of µ and k were estimated from the experimental data, and the obtained values were used for further response analyses by using a computer software, Design-Expert (Stat-Ease, Inc., USA) [21] . Using a desirability plot, we discuss the overall desirability,
, to guide better operating conditions [22] .
Sampling and Analytical Procedures
This study monitored the performance of the batch reactors by analyzing samples. The samples were taken from each reactor every 12 h (about 20 ml) according to designated timing. Optical density (OD) was determined directly using a UV-visible spectrophotometer (Hach DR3900, USA) at a wavelength of 730 nm, and the OD was converted to Dry Weight (DW) using a calibration line determined for C. sorokiniana biomass. The equation of the calibration was TSS (mg/l) = 0.0037 × OD -0.094 (R 2 = 0.9985), where OD < 1 (Fig. S1 ). Total suspended solid (TSS), NH [23] . The pH was measured by a pH Meter (F-74BW; HORIBA, Japan). The LI was determined by a quantum sensor (LI-190, USA).
Results and Discussion
Day-Night Dynamics of C. sorokiniana Fig. 2 shows the growth dynamics of C. sorokiniana during day-night light cycles according to experimental runs. This diurnal variation of LI (12 h day-12 h night) was applied throughout the experiment to promote mixotrophic growth in each reactor. The experiments were started with the day cycle after the initial sampling and thus the first samples were taken under the photoautotrophic condition and the second samples were taken under the heterotrophic condition. This iteration was continued until the end of the experiment.
As shown in Fig. 2 , five center runs (C1-C5) presented an almost similar growth pattern, showing increased biomass concentration from 97 to 360 mg DW/l on average. This result confirms the reproducibility of all the batch experiments conducted in this study. In the cases of the L run, the biomass concentration increased up to 231 mg DW/l, whereas the C run reached 300 mg DW/l. This shows that LI increase may lead to better growth of mixotrophs. On the contrary, the R run showed no growth. It indicates that high LI (>150 µmol·m
) is not that appropriate for mixotrophic growth of C. sorokiniana, possibly due to photoinhibition. Previous study indicated that self-inhibitionlike behavior occurs under high LI [24] , and our results evidenced that mixotrophs also present similar behavior when the LI level exceeds 150 µmol·m
when the temperature is at around room temperature.
In addition, it was revealed that higher temperature (>30 o C) with appropriate LI positively affects the growth of C. sorokiniana. The highest growth was recorded at the TR run, where the biomass concentration increased up to 1,057 mg DW/l at the same time frame. This synergistic effect suggests that the combination of temperature and LI is important to promote mixotrophic growth since the TL and T experiments were much inferior to TR. Drastic increase of TSS was obtained during the photoautotrophic phase in most cases, while its growth was stayed or slightly increased during the night period when respiring organics are dominant. Recent studies indicated that a higher Fig. 3 . Ammonia removal dynamics of C. sorokiniana according to experimental design during the day-night cycle. temperature is preferable for C. sorokiniana [21, 25] . Fig. 2 also presents that low temperature (<20 o C) significantly suppresses the growth of C. sorokiniana and thus no growth was possible despite varying LI condition (Fig. 2, bottom 3 panels) . Previously, it was pointed out that the temperature of 20 o C extends the lag-phase significantly [21] , which is consistent with this study. Fig. 3 illustrates all the ammonium removal dynamics of C. sorokiniana according to experimental runs during the day-night light cycle. Without the acclimation period, ammonium was efficiently utilized via photosynthesis as C. sorokiniana grew, since all the runs started with the day part of the light condition. Clearly, temperature seems to control the removal rate of ammonium connected to assimilation supporting growth. The high temperature runs of TL, T, and TR (Fig. 3, top 3 panels) showed instantaneous sharp decreases of ammonium concentration whereas the low temperature runs of BL, B, and BR (Fig. 3 , bottom 3 panels) present very slow reduction of ammonium compared with the other runs. The uptake rate of ammonia seems to be independent of LI at low temperature, since there was no big difference in the removal rates between the BL and BR runs (Table 2) . When the temperature is higher than 30 o C, however, LI gives significant impact on the ammonia removal and thus the removal rates of TR and R were much higher than that of TL and L. These results support that ammonium uptake was significantly correlated with temperature. Prior study indicated that nitrogen sources, including ammonia, contributed to algal growth [5] . Similarly, it was confirmed that ammonium can be utilized as a major source of nitrogen during mixotrophic metabolism, which shares the opinion that ammonium is one of the easily available simple source of nitrogen for microalgae [26] . Although some strains cannot utilize ammonium [27] , this study showed that C. sorokiniana efficiently metabolizes ammonia nitrogen. The most rapid reduction of nitrogen concentration was reported at the TR run (0.56/h), which showed the fastest microalgal growth. This result also evidences that simultaneous enhancement of temperature and LI is essential for the mixotrophy of C. sorokiniana.
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Ammonia Removal Kinetics
Regressions for µ and k r , N H 3 , and calculated results for the number of generation, generation time, division rate based on exponential growth, and ammonia removal data set. Results of kinetics strongly support that the experimental runs of B, BL, and BR were significantly limited in growth and thus the estimation of µ was impossible for the runs. The TL, T, L, and C runs presented reasonable growth, showing a µ range of 0.12-0.36/d. The TR run showed the highest µ as 0.51/d with corresponding number of generation, generation time, and division rate revealed as 2.2 times, 32.5 h, and 0.03/h, respectively. Since the exponential growth indicates C. sorokiniana's healthiest state, the TR condition seems to make it more desirable for its enzymes and other cell components [28] .
Although mixotrophy involves complex processes [29] , this study suggests that optimization in LI and temperature can enhance mixotrophic growth (Fig. 2) , organic removal (Fig. S2) , and nutrient removal (Fig. 3) . Regression results well support the enhanced mixotrophy of C. sorokiniana under the ranges of temperature (>30 ) tested. The best performance was obtained from the TR run, with the shortest generation time, the most rapid division rate, and the highest µ, which overwhelms more than 1.5-fold on average in biomass production and ammonia removal than those of control (C run). Table 3 compares obtained µ with other studies, which shows comparable growth rates. Except for one high µ [4] using an artificially favorable condition, the results of this study show much higher mixotrophic growth rates despite the use of actual wastewater. The coefficients of linear, quadratic, and interaction terms in the fitted models (Eqs. (1) and (2)) present how significant the effects of independent variables are. Regarding the response surface of µ, it was found that the temperature has a more statistically significant effect on µ than LI, and the interaction of LI and temperature as well as LI itself presented little statistical significance (Table S1) . R depending on the tested temperature and LI. Table 4 tabulates the result of analysis of variance to test the significance and adequacy of the surfaces, and confirms that the total variations of µ and k r , N H 3
can be explained by the models rather than variations associated with noise or error. These results clearly confirm the adequacy of the models. Fig. 6 presents the desirability contour considering both µ and k r , N H 3
; this evaluation is useful since it can suggest feasible guidelines for independent variables considering multiple responses [18] . The higher overall desirability than 0.5, which means over 50% of maximum µ , can be guaranteed at the region where the combination of LI (>157 µmol·m 
Confirmation Test
To verify the adequacy of the optimal region, confirmation experiments were performed again at the temperature of were less than 18% and 25%, respectively. To determine the organic degradation capability of C. sorokiniana, the confirmation test additionally monitored the COD concentration throughout the experiment (Fig. S2 ) and found out that the COD removal rate increases as much as 105 mg COD/l/d. Overall ammonia and COD removal efficiencies reached >99% and >88%, respectively, within 36 h. The optimization strategy presented in this study has the potential to improve the mixotrophic growth of microalgae, and it was confirmed that the obtained results contribute to developing a viable solution for sustainable treatment of problematic wastewater with high effluent quality.
Fig. 4.
Response surface of regressed specific growth rates according to experimental design during the day-night cycle. Overall, this study verified the effects of LI and temperature on the growth of C. sorokiniana to suggest a picture of the critical factors in a mixotrophic growth treating livestock wastewater. Results of the specific growth rate and ammonium removal rates of C. sorokiniana under a day-night cycle demonstrate that the combination of temperature and light condition is more essential for mixotrophy rather than a one-factor-at-a-time strategy. It was found that mixotrophic C. sorokiniana achieves high rates of organic (105 mg COD·l ) removal under the obtained optimal guideline of LI and temperature. This approach reveals how mixotrophy achieves reliable polishing of problematic livestock wastewater and beneficial production of bioresource by using a statistical optimization strategy.
